Introduction
Nerve growth factor (NGF) and its structural homologues are collectively called neurotrophins that modulate various forms of neuronal death. [1] [2] [3] Neurotrophins bind to and activate Trk receptors with a cytoplasmic tyrosine kinase domain, which in turn initiates neurotrophic activity. 4 Neuroprotective effects of NGF have been well documented in the peripheral sensory and sympathetic neurons. 5 The central administration of NGF also alleviates the degeneration of the cholinergic neurons in the basal forebrain expressing TrkA and p75NGFR. 6, 7 The striatal cholinergic neurons were also known to express TrkA and respond to the exogenous administration of NGF. 8, 9 NGF treatment reduces excitotoxic neuronal death in the striatum 10 and ischemic neuronal loss in the CA1. 11 The neuroprotective effects of NGF have been explained by maintenance of intracellular calcium and activation of anti-oxidative enzymes. 12, 13 In contrast, evidence is accumulating to show the limited neuroprotective action of neurotrophins. Schubert et a l .
14 showed that NGF markedly increased glutamate toxicity in PC12 cells. Although BDNF, NT-3, and NT-4/5 attenuated apoptosis of cortical neurons expressing TrkB and TrkC, the same neurotrophins potentiated neuronal cell necrosis induced by NMDA, oxygen-glucose deprivation, or oxidative stress. 15, 16 NGF induces apoptosis of neurons and oligodendrocytes possibly through activation of the p75NGFR. 17 In light of the possibility that NGF may potentiate the oxidative injury of striatal cholinergic neurons expressing trkA in a way similar to other neurotrophins, we examined the effect of NGF on the degeneration of striatal cholinergic neurons following exposure to Fe 2+ , a transition ion producing hydroxyl radical via a Fenton reaction, or BSO, an agent depleting intracelluar glutathione by interfering with ␥-glutamyl cysteine synthase (GGCS).
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Materials and Methods
Striatal cell cultures containing both neurons and glia were prepared as described below. Animals were handled in accordance with a protocol approved by our institutional animal care committee. A pregnant (16-day gestation) Sprague-Dawley rat was anesthetized with ether and euthanized by a quick cervical dislocation. Embryonic day 16 (E16) fetal rat striata were removed, dissociated, and plated on 24-well plates precoated with 100 g/ml poly-D-lysine and 4 g/ml laminin in minimal essential medium (MEM, Earle's salts, without L-glutamine and sodium bicarbonate) supplemented with 5% horse serum, 5% fetal bovine serum, 21 mM glucose, 26.5 mM bicarbonate and 2 mM L-glutamine. Plating density was adjusted to five striata per plate (~10 5 cells/well). Cultures were supplemented with 10 M cytosine arabinoside to halt glial proliferation at 6-8 days in vitro (DIV), when glia underneath neurons were confluent. After 2 days, cultures were fed with plating media lacking fetal bovine serum twice a week. To induce oxidative stress, cultures (DIV 13-15) were exposed to 10-30 mM Fe 2+ or 1 mM BSO for 24 h in MEM supplemented with 21 mM glucose and 26.5 mM bicarbonate. Neuronal death was estimated by measuring release of a cytosolic enzyme, lactate dehydrogenase (LDH) into the bathing medium. 18 For enzymatic histochemistry of acetylcholine esterase (AChE), cultures were washed in 0.06 M sodium acetate, pH 5.0, and incubated in 0.06 M sodium acetate containing 4 mM acetylcholine iodide, 5 mM sodium citrate, 3 mM cupric sulfate and 0.2 mM potassium ferricyanide in the dark for 2-4 h.
Results
Mixed striatal cell cultures of neurons and glia (DIV [13] [14] [15] showed swelling of neuronal cell body 8-12 h after exposure to 30 M Fe 2+ (Fig 1) . Astrocytes remained intact. Inclusion of 100 M trolox completely prevented the Fe 2+ -induced necrotic degeneration of striatal neurons ( Figs 1C,2) . Striatal cultures exposed to 1 mM BSO also showed neuronal cell necrosis sensitive to trolox. Approximately 20-30% of striatal neurons exposed to 10 M Fe 2+ or 1 mM BSO underwent death over the next 24 h (Fig. 2) . Addition of 50 M CNQX or 10 M MK-801, antagonists of ionotropic glutamate receptors, had no effect on Fe 2+ -or BSO-induced death (Fig. 2) . Addition of cycloheximide, a protein synthesis inhibitor, to protect neurons against apoptosis 15 did not attenuate the free radical neurotoxicity. Treatment with BDNF or NGF did not attenuate fulminant neuronal death after exposure to 30 M or 10 mM BSO. Moreover, continuous inclusion of 100 ng/ml BDNF beginning at 12 h before the Fe 2+ or BSO treatment significantly potentiated neuronal loss 24 h following exposure to 10 M Fe 2+ or 1 mM BSO (Fig. 2) . Pre-and co-treatment with 100 ng/ml NGF had no effect on the overall degeneration of striatal neurons following oxidative stress. 
FIG. 2. Potentiation of the oxidative neuronal necrosis by BDNF.
Mixed striatal cell cultures (DIV 14-15) were exposed to 10 M Fe 2+ or 1 mM BSO, alone or in the presence of 10 M trolox (trolox), 10 M MK-801 (MK-801), 50 M CNQX (CNQX), or 1 g/ml cycloheximide (CHX). Sister cultures were pretreated with 100 ng/ml NGF or BDNF for 12 h, and then exposed to 10 M Fe 2+ or 1 mM BSO with 100 ng/ml NGF or BDNF. Neuronal death was analyzed by measurement of LDH efflux 24 h later. Values are mean ± s.e.m. (n = 4-12 cultures per condition), scaled to the mean LDH value released into the bathing media 24 h following exposure to 500 M NMDA producing near-complete neuronal death (= 100) or a sham wash (= 0). *Significant difference from Fe 2+ or BSO treatment (alone), at p < 0.05 (analysis of variance and Student-Neuman-Keuls' test).
An additional experiment was performed to examine the effect of NGF on the degeneration of striatal cholinergic neurons. The proportion of acetylcholine esterase (AChE)-or choline acetyltransferase-positive cholinergic neurons was estimated as about 3-5% in our striatal cell cultures. Treatment with 10 M Fe 2+ or 1 mM BSO resulted in 30-40% death of AChE-positive neurons 24 h later (Figs 3, 4) . The loss of AChE-positive neurons was significantly increased with the continuous inclusion of 100 ng/ml NGF or BDNF 12 h prior to exposure to 10 M Fe 2+ or 1 mM BSO.
Discussion
Cultured striatal neurons exposed to 10-30 mM Fe 2+ or 1 mM BSO underwent oxidative necrosis sensitive to trolox. Pretreatment with NGF selectively potentiated the degeneration of AChE-positive striatal cholinergic neurons induced by Fe 2+ or BSO while pretreatment with BDNF potentiated the free radical neurotoxicity on the overall population of striatal neurons. Overload of free radicals was known to cause apoptosis of various cells including neurons. Nuclear chromatin condensation and internucleosomal DNA fragmentation are observed in cortical neurons exposed to hydrogen peroxide or high concentrations of glutamate. 19, 20 Reactive oxygen species are produced during apoptosis of sympathetic neurons deprived of NGF. 21 More directly, maneuvers to reduce oxidative stress attenuate neuronal cell apoptosis. 22, 23 However, several lines of evidence indicate that free radical-producing agents can cause neuronal cell necrosis. Specifically, cortical cell cultures exposed to Fe 2+ , BSO, or menadion were reported to undergo neuronal death showing marked cell body swelling and insensitivity to cycloheximide. 16, 24 In striatal cell cultures, Fe 2+ or BSO also produced neuronal necrosis. Glutamate antagonists did not attenuate Fe 2+ -or BSO-neurotoxicity, excluding the possibility of excitotoxic necrosis secondary to the oxidative stress. 25 Consistent with the observation that BDNF potentiates oxidative neuronal injury, 16 neurons, the small population of striatal neurons responded to NGF. Specifically, pretreatment with NGF as well as BDNF increased the oxidative degeneration of striatal cholinergic neurons known to express TrkA, 9 suggesting that, like other neurotrophins, NGF acts as a pro-necrosis factor via activation of the tyrosine kinase receptor TrkA while it can be a pro-apoptosis factor via activation of the non-tyrosine kinase receptor p75NGFR. 17 The potentiation effect of NGF and BDNF appears to depend upon synthesis of new proteins sensitive to cycloheximide (Park and Gwag, unpublished observation), as reported previously. 16 Further study will be needed to delineate how NGF regulates apoptosis or necrosis of neurons expressing both TrkA and p75NGFR. NGF was reported to attenuate H 2 O 2 -induced injury in PC12 cells via activation of catalase and glutathione reductase. 13 However, striatal neurons pre-exposed to NGF or BDNF were more susceptible to oxidative stress. Although the conflict effects of neurotrophins on oxidative stress remain to be resolved, the discrepancy may be attributable to patterns of cell death induced by oxidants depending upon age and types of culture. In support of this, oxidative stress produced apoptosis in immature (< 7 DIV) cortical neurons, 19, 20 while mature (> 10 DIV) cortical 16 and striatal neurons underwent necrosis following oxidative stress.
Conclusions
We provide evidence that NGF can potentiate the oxidative necrosis of cultured striatal cholinergic neurons. This further supports our hypothesis that neurotrophins potentiate certain forms of neuronal necrosis while they protect neurons against apoptosis.
